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This  report  was  prepared  by  the  Lockheed-Callfornla  Company  in 
accordance  with  the  requirements  of  Contract  DA  44-177-AMC-232(T) , 
initiated  by  the  U.  S.  Army  Aviation  Materiel  Laboratories,  Port 
Eustis,  Virginia. 

This  report  represents  the  evaluation  of  the  performance  of  a 
mechanical  servo-actuator  under  loading  conditions  simulating 
the  cyclic  and  collective  pitch  control  functions  of  the  Lockheed 
XH-51A  rigid  rotor  helicopter. 

This  Conaasnd  concurs  with  the  contractor's  conclusions  that  the 
currently  designed  mechanical  servo-actuator  is  inferior  to  the 
hydraulic  servo  in  performance,  primarily  because  of  excessive 
hysteresis  and  high  force  threshold.  High  noise  level  during 
operation  was  noted.  The  use  of  the  currently  designed  servo- 
actuator  for  helicopter  flight  control  systems  is  not  practical 
until  design  improvements  can  be  made  and  demonstrated. 

This  Command  concurs  In  the  recommendations  that  the  research 
program  for  the  application  of  this  type  of  mechanical  servo 
design  principle  for  flight  controls  be  continued. 
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ABSTRACT 


A  prototype  mechanical  servo-actuator  vaa  teated  under  simulated  loads 
to  determine  Its  suitability  for  use  in  powering  flight  control  systems 
for  helicopters.  Tests  Included  frequency  response,  step  response, 
threshold,  hysteresis,  endurance,  and  emergency  operation,  and  were 
compared  with  similar  tests  of  a  typical  hydraulic  servo.  Reconsen- 
dations  are  made  regarding  design  changes  for  further  investigation. 
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FOREWORD 


This  report  pertains  to  work  performed  under  U.  S.  Army  Aviation  Materiel 
Laboratories  (UBAAVLABS)*  Contract  DA  44-177«AMC-232(T)  dated  30  June  1964, 
by  the  Lockheed-Cal i f ornia  Company  as  prime  contractor  and  the  Curtiss  Divi« 
sion  of  Curtiss-Wright  Corporation  as  subcontractor.  Mr.  M.  B.  Salomonsky 
of  UBAAVXABS  served  as  the  authorized  representative  of  the  Contracting 
Officer  for  this  program. 

The  test  article  was  designed  and  built  by  Curtiss-Wright  under  the  direc¬ 
tion  of  John  8.  Perryman,  Chief  Project  Engineer  of  the  Curtiss  Division. 

The  Lockheed  effort  was  directed  by  O.A.  Knuusl,  R  &  D  Engineer,  Flight 
Control  Systems  Department;  the  testing  was  done  at  the  Lockheed  Rye  Canyon 
Research  Center  by  V.  R.  Sage,  Senior  Research  Engineer,  Vehicle  8ystems 
Laboratory,  with  the  assistance  of  R.  E.  Colvin,  Curtiss-Wright  Design 
Engineer.  The  report  was  prepared  by  0„  A.  Xnuasi  and  W.  R.  Sage  of  the 
Lockheed-Callf ornia  Company  as  co-authof s . 
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This  report  discusses  the  reaulta  of  a  teat  program  performed  by  the 
Lockheed-California  Company  under  an  UBAAVXABS  contract  to  evaluate  the 
performance  of  a  mechanical  servo-actuator  under  loada  simulating  a  heli¬ 
copter  flight  control  ayatem.  The  mechanical  aervo  teated  vas  dealgned 
and  fabricated  by  Curt iaa -Wright  to  a  design  apeciflcatlon  prepared  under 
this  contract. 

The  teat  item  vaa  subjected  to  a  aeriea  of  teata  Including  force  threshold, 
resolution,  frequency  response,  step  response,  and  endurance,  and  the  re¬ 
aulta  vere  compared  to  similar  testa  of  a  typical  hydraulic  servo. 

The  performance  of  the  mechanical  aervo  Indicated  that  tvo  characteristics 
needed  corrections  excessive  dead-band  and  high  force  threshold.  After 
completion  of  the  scheduled  test  program,  the  mechanical  servo  vaa  re¬ 
turned  to  Curtlss-WMght  for  investigation  of  possible  design  changes. 

The  mechanical  aervo  vaa  modified  by  Curt  las -Wright  aid  returned  to 
Lockheed-Callfornla.  One  day  of  testing  indicated  that  the  changes  made 
by  Curtlsa-Wright  had  reduced  the  dead-band  to  10  percent  of  its  former 
value  and  had  reduced  the  foroe  threshold  at  null  by  25  percent.  These 
performance  changes  vere  made  by  compromising  the  load-holding  function 
of  the  spring  clutch. 

Curtlss-WTlght  also  submitted  proposal  layouts  of  an  improved  design 
vhich  vould  provide  an  irreversible  screv  jack  for  the  braking  function 
and  simple  linkages  to  replace  the  input  and  output  gear  trains  of  the 
previous  design. 

It  is  concluded  that  the  mechanical  servo  as  presently  configured  does 
not  perform  veil  enough  under  the  test  conditions  to  match  the  perfor¬ 
mance  of  the  hydraulic  servo,  primarily  because  of  exoessive  hysteresis 
and  high-force  threshold.  High  noise  level  during  operation  under  heavy 
loads  vas  also  noted. 

Retest  of  the  modified  unit  and  a  study  of  proposed  design  changes  indi¬ 
cate  that  significant  improvement  in  performance  can  be  achieved  from  a 
redesigned  servo. 

Further  testing  of  an  improved  design  under  conditions  more  representa¬ 
tive  of  actual  service  is  considered  necessary  to  more  completely  evalu¬ 
ate  the  potential  use  of  mechanical  servos  in  flight  control  systems. 
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The  results  of  the  test  program  indicate,  in  general,  that  the  prototype 
mechanical  servo  will  perform  the  tasks  for  *  nich  it  was  designed  but  not 
as  well  as  the  hydraulic  servo  to  which  it  was  compared.  The  principal 
areas  in  which  the  mechanical  servo  appears  to  be  inferior  to  the  hydrau¬ 
lic  servo  aret 

1.  Force  Threshold.  The  force  required  to  provide  an  initial 
output  of  the  mechanical  servo  against  typical  loading  was 
approximately  5  pounds  as  compared  to  l/k  pound  for  the 
hydraulic  actuator. 

2.  Hysteresis,  or  dead-band.  The  mechanical  servo,  as  tested, 
Indicated  a  total  dead-band  of  approximately  2  degrees,  or 
2.7  percent  of  total  amplitude,  as  compared  to  0.3  percent 
for  the  hydraulic  actuator. 

3.  Resolution.  The  capability  of  the  mechanical  servo  to  re¬ 
spond  to  small  Increments  of  input  against  a  load  propor¬ 
tional  to  displacement  was  inconsistent,  especially  under 
high  loads. 

4.  Noise  Level.  The  mechanical  servo  operation  was  very  noisy 
against  high  loads,  compared  to  the  hydraulic  servo.  Ad¬ 
mittedly,  most  of  the  noise  was  generated  by  the  flexible 
shaft  connection  between  the  electric  motor  and  the  servo, 
but  since  the  intended  application  of  the  servo  is  based  on 
the  use  of  a  flexible -shaft  power  drive,  the  noise  problem 
is  a  real  one. 

It  is  therefore  concluded  that  the  use  of  a  mechanical  servo-actuator  of 
this  type  in  helicopter  flight  control  systems  is  not  practical  until  de¬ 
sign  improvements  can  be  made  and  demonstrated. 
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It  la  recommended  that  research  program*  for  the  application  of  mechani¬ 
cal  servo  design  principles  to  flight  control  systems  be  continued,  for 
the  following  reasons} 

1.  The  basic  principle  of  utilising  mechanical  power  directly 
without  converting  the  energy  to  other  media  has  obvious 
advantages  (weight  saving,  space  saving,  high  reliability) 
which  should  be  considered  in  any  trade-off  study  of  powered 
control  systems. 

2.  The  reliability  of  mechanical  components  should  be  less 
selected  by  high-temperature  environment  than  hydraulic 
or  electrical  components. 

3*  The  performance  discrepancies  noted  in  this  evaluation  are 
of  a  nature  which  can  be  corrected  by  rational  evaluation 
of  the  causes  and  by  redesign  of  the  conjponents  to  minimise 
or  eliminate  the  problem  areas. 

This  Investigation  was  limited  to  the  evaluation  of  a  single  mechanical 
actuator  operating  against  simulated  loading  but  with  no  attempt  to  pro¬ 
vide  facilities  for  pilot  evaluation  of  a  multi-axis  mechanical  system, 
tfe  therefore  recommend  that  a  follow-on  program  be  considered  to  evaluate 
the  performance  of  mechanical  servo-actuators  in  a  three- ax  is  (pitch, 
roll,  and  lift)  helicopter  control  system  Installed  on  a  whirl  tower 
which  will  provide  more  representative  dynamic  loading  and  will  Include 
provisions  for  pilot  evaluation  of  the  system.  The  proposed  program  will 
require  three  servo-actuators,  one  each  for  the  pitch  and  roll  cyclic 
control  and  one  for  collective  pitch  (lift)  control. 

It  is  recommended  that  the  mechanical  servo-actuators  procured  for  such 
a  program  be  designed  to  correct  or  minimize  the  deficiencies  noted  in 
the  evaluation  of  the  prototype  actuator  and  that  the  reliability,  ser¬ 
viceability,  weight,  and  structural  integrity  of  the  actuators  be  ade¬ 
quate  for  installation  in  a  flying  vehicle. 
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The  uce  of  mechanical  aenro-actuatore  in  flight  control  system*  has  been 
proposed  and  investigated  in  earlier  studies  (References  1  and  2).  The 
results  have  generally  indicated  that  performance  under  specific  load 
conditions  needs  further  study  but  that  mechanical  systems  can  be  ex¬ 
pected  to  show  significant  savings  in  overall  weight  and  have  a  potential 
advantage  in  achieving  high  reliability  under  adverse  environmental  con¬ 
ditions.  ftie  realization  of  high-quality  performance  of  specific  control 
functions  requires  intensive  testing  of  hardware  designed  for  the  purpose. 

This  program  was  established  to  evaluate  the  performance  of  a  mechanical 
servo-actuator  under  loading  conditions  simulating  the  cyclic  and  collec¬ 
tive  pitch  control  functions  of  the  Lockheed  XH-51A  rigid  rotor  helicopter. 
The  work  statement  specified  the  preparation  of  a  design  specification  for 
the  mechanical  servo-actuator,  the  fabrication  of  a  prototype  actuator, 
the  preparation  of  a  test  procedure,  the  fabrication  of  a  test  fixture, 
the  performance  testing  of  both  the  mechanical  servo-actuator  and  an 
equivalent  hydraulic  servo-actuator,  and  the  preparation  of  a  test  report. 
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In  order  to  have  an  equitable  basis  for  evaluation  of  a  mechanical  servo- 
actuator,  the  design  specification  (see  Appendix)  was  based  on  the  require¬ 
ments  of  the  cyclic  and  collective  pitch  control  functions  of  the  Lockheed 
XH-51A  rigid  rotor  helicopter.  This  vehicle  presently  uses  three  hydraulic 
servos  for  these  functions.  The  two  cyclic  control  servo-actuators  operate 
against  high-rate  springs  which  transmit  forces  proportional  to  actuator 
displacement  to  the  swash  plate  and  in  turn  to  a  control  gyro,  the  pre¬ 
cession  of  which  modulates  the  blade  pitch  angle.  The  collective  pitch 
actuator  controls  the  vertical  displacement  of  the  gyro  with  reference  to 
the  rotor  plane,  which  requires  it  to  operate  against  the  mass  of  the  swash 
plate,  gyro,  and  associated  linkage. 

The  three  hydraulic  actuators  all  have  the  same  net  piston  area,  but  the 
stroke  of  the  collective  actuator  is  U.35  Inches  ss  compared  to  2.03  Inches 
stroke  for  the  cyclic  actustors.  In  order  to  have  a  single  mechanical 
servo  design  perform  both  control  functions,  a  compromise  was  necessary. 

The  design  specification  shown  in  the  Appendix  required  that  the  mechanical 
servo  accept  input  displacements  and  provide  output  displacements  for 
both  functions,  but  the  output  force  requirements  were  based  on  the  cyclic 
control  loading . 

The  space  envelope  and  the  orientation  of  input  and  output  connections  for 
the  mechanical  servo  were  dictated  by  the  desire  to  build  a  unit  suitable 
for  possible  future  installation  in  the  XH-51A  vehicle  control  system. 
However,  it  was  recognized  that  any  future  program  for  airplane  installa¬ 
tion  would  require  additional  units  and  probably  redefinition  of  functional 
requirements,  so  that  overall  length,  weight,  and  details  of  linkage  con¬ 
nections  were  compromised  in  the  Interests  of  expediency. 

The  location  of  the  power  input  connection  was  specified  to  accommodste  a 
relatively  straight  flexible  shaft  for  the  transmission  of  power  from  the 
existing  hydraulic  pump  pad  on  the  XH-51A  transmission  at  63CO  rpra. 

The  design  specification  is  Included  in  this  report  as  the  Appendix. 
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The  ■•chan let  1  servo-actuator  was  designed  and  built  by  the  Curtlas 
Division  of  the  Curtlss-Vrlght  Corporation  to  the  requirements  of  the 
design  specification  (see  Appendix).  The  input  and  output  lever  travel 
is  United  by  fixed  stops  to  total  angular  displacement  of  75  degrees. 

The  output  lever,  90  degrees  dlsplsced  from  the  input  lever,  moves  in 
phase  with  the  input  lever  except  for  the  dead -band  required  to  energise 
the  spring  clutch. 

The  operation  of  the  mechanical  servo  can  best  be  described  by  reference 
to  Figure  1.  The  power  input,  at  6 300  rpm,  is  transmitted  through  a  worm 
gear  and  spur  gearing  to  two  cylindrical  drums  which  rotate  at  l6o  rpm. 
Spring  clutches,  geared  to  the  output  elements,  have  a  small  clearance  to 
the  drum  surface  and  normally  bear  against  an  internal  cylindrical  steel 
surface  to  provide  a  brake  to  hold  the  output  load.  Angular  motion  of  the 
input  lever  is  transmitted  and  amplified  by  a  gear  train  to  the  end  of  one 
of  the  spring  clutches .  When  the  spring  clutch  contacts  the  rotating  drum, 
the  self-energizing  clutch  transmits  the  available  torque  of  the  rotating 
drum  to  the  output  lever  through  reduction  gearing.  The  clutch  releases 
as  soon  as  the  output  has  moved  to  a  position  commanded  by  the  input  signal. 
When  the  clutch  is  energised,  the  output  moves  at  a  rate  proportional  to 
the  power  Input  rpm,  regardless  of  the  rate  of  the  input  arm.  Consequently, 
an  input  command  at  a  rate  slower  than  maximum  results  in  a  "stair-step” 
output  response,  since  each  time  the  output  catches  up  with  an  Increment 
of  input  command,  the  clutch  releases  until  re-energized  by  continuing 
motion  of  the  input.  The  gear  ratio  betwetv  the  input  shaft  and  the  spring 
clutch  is  11.6;  consequently  the  input  or  output  rate  corresponding  to 
the  180-rpm  drum  speed  is  15*5  rpm.  At  th  c  -ate,  full  travel  (75  degrees) 
requires  0.6  second. 

Both  the  input  lever  and  the  output  lever  have  attachment  holes  to  provide 
the  required  linear  travel  for  the  two  loading  conditions  (cyclic  and 
collective)  within  the  75*degree  travel  limit. 

The  mechanical  servo  Includes  provisions  for  manual  override  in  the  event 
of  power  failure  or  clutch  release  failure.  The  input  and  output  shafts 
are  concentric  and  normally  move  in  phase .  The  input  shaft  motion  required 
to  energize  the  servo  clutch  is  approximately  one  degree.  The  input 
torque  is  transmitted  to  the  input  gear  train  through  a  preloaded  spring 
bungee.  In  the  event  of  power  failure,  the  spri.ig  bungee  permits  con¬ 
tinued  motion  of  the  input  lever,  which  is  transmitted  to  the  output  lever 
by  a  pin  which  normally  is  in  the  center  of  u  slotted  hole.  Motion  of 
this  pin  relative  to  the  output  also  releases  one  of  a  pair  of  clutch 
springs  which  normally  transmits  power  to  the  output  shaft.  The  input 
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•haft  thus  drives  the  output  shaft  la  direct  ratio  with  the  Input  bungee 
torque  (20  to  30  Inch-pounds)  and  the  friction  of  the  overrunning  output 
clutch  added  to  the  load. 

A  aervo  failure  caualng  the  output  to  continue  notion  vlthout  an  Input 
caasnnd  would  result  In  •  phase  differential  between  input  and  output; 
consequently  the  aforeaentloned  pin  would  release  the  output  drive  clutch 
and  connect  t:  u  output  load  directly  to  the  Input. 

A  aore  detailed  description  of  the  mechanical  servo-actuator  and  Its 
components  appears  in  Reference  3* 
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DESCRIPTION  OF  TEST  FIXTURE 


A  test  fixture  vat  designed  and  fabricated  for  the  performance  of  the  testa 
prescribed  by  Reference  4.  The  fixture  Included  mounting  provisions  for 
both  the  mechanical  servo  and  the  hydraulic  servo,  an  output  loading  bell 
crank  for  the  application  of  both  spring  loads  and  Inertia  loads  as  speci¬ 
fied  by  Reference  4,  a  hydraulic  actuator  controlled  by  an  electro- 
hydraulic  transfer  val,fe  to  provide  the  required  programmed  inputs,  and 
a  d.c.  electric  motor  as  the  power  source.  A  3“foot  flexible  shaft  was 
provided  to  transmit  power  to  the  mechanical  servo.  A  flywheel  to  simulate 
the  inertia  of  the  XH-5LA  rotor  was  provided  but  vas  not  used,  as  it  would 
require  too  much  time  to  stop  the  flywheel  in  the  event  of  malfunction  of 
the  mechanical  servo-actuator. 

Instrumentation  Included  a  linear  potentiometer  to  read  input  amplitude,  a 
force  transducer  to  read  input  load,  a  rotary  potentiometer  to  read  output 
amplitude,  a  strain  gauge  on  the  load  bell  crank  to  read  output  load,  and 
a  4-char.nel  Sanborn  recorder  (Model  No.  154-100  BP)  to  plot  the  values  of 
the  above  four  parameters  as  a  function  of  time . 

A  function  generator  (Hewlett -Rickard  Model  No.  202A)  was  provided  to 
program  the  amplitude  and  frequency  of  the  input  signals. 

Auxiliary  instrumentation  included  a  stroboscope  to  monitor  power  input 
rptn,  a  temperature  Indicator  to  monitor  servo  body  temperature,  spring 
scales  and  torque  wrenches  for  dlrec  ;  force  measurements,  and  0.001 -inch 
division  dial  gauges  for  precise  reading  of  small  amplitudes. 
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TPT  PROCEDURE  AND  RESULT* 


MECHANICAL  SERVO -ACTUATOR 

The  mechanical  servo-actuator,  Curtias-Wright  Corporation  Part  No.  173^10, 
Serial  No.  1,  vaa  mounted  in  a  loading  teat  fixture  aa  per  Figure  2  and  aa 
ehown  in  Figure  a  3  through  7 . 

TWo  typea  of  loada  were  aeparately  attached  to  the  actuator  -  cyclic  and 
collective.  The  cyclic  loada  conalated  of  three  different  aprlng  loada 
being  individually  applied.  Theae  aprlnga  were  alternately  attached  to  the 
output  arm  of  the  mechanical  servo-actuator  at  a  radlua  of  2.178  inches. 

The  aprlnga  had  the  following  rates: 

1.  Heavy  Spring  -  310  pound  a  per  inch. 

2.  Medium  Spring  -  133  pounds  per  inch. 

3.  Light  Spring  -  kj  pounds  per  inch. 

The  collective  loads  consisted  of  four  different  loading  configurations 
which  were  alternately  attached  to  the  output  arm  of  the  mechanical  servo 
actuator  at  a  radius  of  3.622  inches.  The  loading  configurations  con¬ 
alated  of  the  following  springs  and  masses: 

1.  30- pound/ inch  spring  and  20-pound  mass. 

2.  30-pound/inch  spring  and  UO-pound  mass. 

3.  10 -pound/ inch  aprlng  and  20-pound  mass. 

U.  10 -pound/ inch  spring  and  UO-pound  mass. 

Figure  8  shows  a  dimensional  relationship  of  the  load  bell  crank  and  the 
attached  20-pound  and  UO-pound  masses. 

The  variation  in  loading  was  provided  in  order  to  determine  whether  the 
magnitude  of  the  load  had  a  significant  effect  on  performance . 

After  the  mechanical  servo-actuator  was  mounted  in  the  test  fixture,  the 
collective  loading  configuration  of  10-pound/inch  spring  and  20-pound 
mass  was  attached  to  the  actuator.  During  the  preliminary  manual  opera¬ 
tion  of  the  actuator,  the  output  loading  ana  encountered  a  mechanical 
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•top  on  the  test  fixture  which  caused  the  6300-rpm  Input  power  flexible 
cable  to  break.  Since  thla  was  an  initial  checkout  of  the  actuator ,  the 
input  power  source  was  running  at  only  3000  rpa  when  the  flexible  cable 
failed . 

The  mechanical  servo -actuator  was  then  operated  in  the  "emergency"  manual 
power  mode.  During  the  initial  clockwise  motion  of  the  output  arm,  a 
failure  occurred  within  the  actuator.  At  the  time  of  the  failure,  the 
10-pound/inch  collective  load  spring  vas  extended  approximately  2  Inches 
and  the  input  force  load  transducer  was  indicating  a  force  of  100  to 
120  pounds. 

• 

Disassembly  of  the  mechanical  servo-actuator  by  Curtlas-Wright  Corporation 
personnel  revealed  that  the  bungee  spring  T -bracket  had  broken.  The 
T -bracket  was  replaced  and  the  actuator  remounted  in  the  test  fixture.  A 
relief  valve  was  added  to  each  of  the  input  hydraulic  cylinder  lines  to 
limit  the  Input  force  to  the  mechanical  servo-actuator  to  approximately 
70  to  80  pounds.  Also  the  input  hydraulic  cylinder  vaa  attached  to  the 
input  arm  1. 562-inch  radius  attachment  point  for  all  further  cyclic  and 
collective  tests.  After  these  changr  ere  made,  the  following  operational 
tests  were  performs  with  the  input  power  applied  at  6300  rpm. 

Carclifi,  to ad  -  fcrcc  Zhrcihalfl  Icit 

Force  threshold  is  defined  as  the  minimum  input  torque  required  to  cause 
motion  of  the  output  arm  of  the  mechanical  servo-actuator.  The  applied 
input  torque  was  measured  by  a  standard  laboratory -type  torque  wrench. 

The  output  motion  of  the  actuator  output  arm  was  determined  by  placing 
a  0.001-inch  division  dial  gauge  against  the  output  arm  vertical  connecting 
rod.  With  the  510-pound /inch  load  spring  attached,  the  output  arm  was 
moved  from  neutral  to  0.25-,  0.50-  and  0.90-inch  stroke  positions,  both 
clockwise  (CW)  and  counterclockwise  (CCV) .  At  each  of  these  stationary 
output  stroke  positions,  the  force  threshold  was  measured  in  both  clock¬ 
wise  and  counterclockwise  directions.  This  test  was  also  repeated 
following  the  endurance  cycling  test.  The  results  of  the  tests  are 
tabulated  in  Table  1. 

It  was  noted  that  the  force  threshold  varied  from  10  to  20  inch-pounds 
whan  the  output  arm  stroke  was  being  increased  and  from  9  to  18  inch-pounds 
when  decreasing  the  output  arm  stroke.  In  general  the  output  arm  motion 
was  smooth  or  in  small  step  Increments  (0.003  to  0.070  inch)  when  the 
stroke  was  being  increased;  however,  the  output  arm  motion  was  in  definite 
steps  varying  from  small  steps  of  0.030  inch  to  large  steps  of  0.600  inch 
when  decreasing  the  output  stroke.  The  only  appreciable  change  noted  after 
the  endurance  cycling  was  that  the  output  arm  motion  was  noted  to  change 
to  larger  steps. 
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TABUS  1 


FORCE  THRESHOLD  TEST  RESULTS 


Output  Stroke 
Direction _ Inches 

Applied  Force  to  Input  Arm 

Motion  of 

Out cut  Are.  in. 

510-Pound/ Inch  Cyclic  8pring 

Neutral 

0 

CW 

11 

Snoot h 

CCW 

11 

.030  steps 

CV 

.25 

CW 

18 

Smooth 

CCW 

9 

.060  steps 

CV 

.50 

CW 

18 

Smooth 

CCW 

10 

.060  steps 

CW 

.90 

CW 

20 

.030  steps 

CCW 

16 

.10  steps 

CCW 

.25 

CW 

11 

.20  steps 

ccw 

11 

.015  steps 

ccw 

.50 

CW 

12 

.3  steps 

ccw 

12 

Smooth 

CCW 

.°o 

CW 

14 

.4  steps 

ccw 

16 

Smooth 

10-Pound/Inch  Spring  end  20-Pound  Mess  Collective  Loed 

CW 

.01 

CW 

8 

Smooth 

ccw 

10 

Smooth 

CW 

.4 

CW 

10 

Smooth 

ccw 

13 

.003  steps 

CW 

1.0 

CW 

10 

Smooth 

ccw 

8 

.030  steps 

CW 

2.0 

CW 

13 

Smooth 

ccw 

7 

.040  steps 

After  Endurance  Test, 

510- Pound/ Inch  Cyclic  Spring 

Neutral 

0 

CW 

10 

Smooth 

CCW 

14 

Smooth 

CW 

.25 

CW 

12 

•030  steps 

CCW 

9 

.060  steps 

CW 

.50 

CW 

10 

.070  steps 

ccw 

11 

.3  steps 

CW 

.90 

CW 

17 

.050  steps 

CCW 

18 

.6  steps 

CCW 

.25 

CW 

10 

.25  steps 

CCW 

16 

.020  steps 

CCW 

.50 

CW 

11 

.5  steps 

CCW 

14 

.025  steps 

CCW 

.90 

CW 

9 

.6  steps 

CCW 

16 

.015  steps 

10-Pound/Inch  Spring  end  20-Pound  Mess  Collective  Loed 

CW 

2.0 

CW 

9 

Smooth 

. 

ccw 

7 

.040  steps 
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Cyclic  load  -  Rmolutlon  Tost 


Resolution  is  defined  ss  the  minimum  input  notion  required  to  cause  notion 
of  the  output  era.  The  input  notion  was  measured  by  placing  a  0.001-inch 
division  dial  gauge  against  the  force  load  transducer  which  was  directly  con¬ 
nected  to  the  aechanlcal  servo-actuator  input  era  1.562- inch-radius 
attachment  point.  The  output  notion  of  the  actuator  output  are  was  measured 
by  placing  a  0.001-lnch  division  dial  gauge  against  the  output  am  vertical 
connecting  rod.  The  input  hydraulic  cylinder  rod  was  moved  by  means  of  a 
manually  rotated  screw  drive. 

Prior  to  starting  these  measurements,  the  mechanical  servo-actuator  was 
noted  to  have  a  dead-band  stroke  of  ±0.050  inch  as  aeasured  at  the  2.326- 
lnch-radlus  attachment  point  of  the  input  am.  This  is  equivalent  to 
approximately  2.5-degree  total  dead-band  rotation  of  the  input  shaft. 

To  eliminate  the  effect  of  the  dead-band,  the  input  am  was  slowly  rotated 
in  one  direction  until  the  output  am  moved.  At  this  point,  the  input  am 
motion  to  cause  a  second  output  am  motion  was  measured  and  recorded. 
Measurements  were  made  with  each  of  the  attached  load  springs  at  neutral 
and  at  strokes  of  O.25,  0.50  and  1.00  inch, both  clockwise  and  counter¬ 
clockwise.  It  was  noted  that  as  the  output  load  arv  stroke  was  Increased, 
the  resulting  output  am  motion  was  created  as  varying  step  changes  Instead 
of  as  a  smooth  motion.  The  cyclic  load  spring  (5 10-pound  /inch)  test  was 
repeated  after  the  endurance  cycling  test.  Results  of  these  tests  are 
tabulated  in  Table  2.  No  appreciable  change  was  noted  after  the  endurance 
test. 

Cyclic  Load  -  Maximum  Rate  Test 

The  mechanical  servo-actuator  was  operated  by  applying  a  square-wave  elec¬ 
trical  signal  to  the  servo  loop  of  the  input  hydraulic  cylinder.  Only  the 
light  spring  (J*7~pound/lnch)  cyclic  load  condition  rate  test  appeared  valid 
as  the  relief  valves  were  opening  when  the  medium  (155-pound/inch)  and  the 
heavy  (510-pound/inch)  spring  rate  tests  were  performed. 

After  the  completion  of  the  endurance  cycling  test,  the  maximum  rate  test 
was  rerun  using  the  heavy  (510-pound/inch)  spring.  The  Input  vac  manually 
rotated  via  a  10-lnch  lever  am  attached  to  the  input  shaft.  Results  of 
these  tests  are  tabulated  in  Table  3. 

Cyclic  Load  -  Rrcouency  Response  Test 

The  mechanical  servo-actuator  was  cycled  sinusoidally  at  output  amplitudes 
<*f  ±0.05,  ±0.10  and  ±0.50  inch.  The  frequency  was  varied  from  0.1  cps  to  a 
maximum  of  10  cps,  depending  on  the  capability  of  the  actuator.  The  basic 
limitation  to  obtaining  the  higher  frequencies  was  the  previously  mentioned 
hydraulic  relief  valves,  frequency  response  measurements  were  made  using 
each  of  the  three  lcid  springs.  After  the  endurance  cycling  test,  the 
frequency  response  test  was  performed  using  the  heavy  (510-pound/inch) 
spring  at  an  amplitude  of  ±0.10  inch.  This  test  was  repeated  with  the 
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hydraulic  relief  valves  Installed  (R.V.  Ill)  and  without  hydraulic  relief 
valves  installed  (HO  R.V.)  at  frequencies  ranging  from  0.1  cps  to  8  cps. 

The  results  of  these  tests  are  presented  in  flexures  9  through  19* 

During  these  tests,  the  aotlcns  of  the  signal  input  am  and  the  output  load 
bell  crank  were  recorded  on  a  Sanborn  recorder.  The  magnitude  of  each  of 
the  corresponding  amplitude  traces  was  measured,  and  the  Amplitude  Ratio, 
expressed  in  decibels  (DB),  was  determined  by  ualng  the  following  equation: 

figures  9  through  19  also  show  the  phase  lag  in  degrees  between  input  and 
output . 

CVcllc  Load  -  Step  Response  Test 

The  mechanical  servo* actuator  was  operated  at  maximum  rate  with  output  steps 
of  0.10,  0 .25  and  0.50  inch  for  emch  of  the  three  cyclic  load  springs,  fol¬ 
lowing  the  endurance  cycling  test,  the  heavy  (5 10- pound/ inch)  spring  was 
attached  to  the  output  arm,  and  the  actuator  was  subjected  to  a  step  re¬ 
sponse  test.  Incremental  steps  of  0.10  inch  and  0.25  inch  were  applied 
without  the  hydraulic  relief  valves  Installed.  The  time  constant  was  de¬ 
termined  for  each  step  condition, and  the  results  are  tabulated  in  Table  U. 
The  time  constant  is  defined  as  the  time  In  seconds  for  the  output  arm  to 
travel  63  percent  of  Its  full  step  travel.  Also,  since  the  input  step 
motion  of  the  input  hydraulic  cylinder  is  not  a  true  square-wave  step,  the 
tabulated  time  constant  is  the  difference  in  time  for  the  input  hydraulic 
cylinder  and  the  output  arm  of  the  actuator  to  reach  tlieir  respective  63- 
percent  points  of  total  travel. 

Collective  Load  -  force  Threshold  Testa 

The  10-pound/lnch  load  spring  and  the  20- pound  mass  were  attached  to  the 
output  am.  The  force  threshold  measurements  were  made  at  strokes  of  0.01, 
1.00,  2.00  and  3. 60  inches.  After  completion  of  the  endurance  cycling  tests, 
the  force  threshold  measurement  was  jwde  only  at  th-?  2.00-lnch  stroke.  Re¬ 
sults  of  these  tests  are  tabulated  in  Table  1. 

Collective  Load  -  Resolution  Tests 

Resolution  was  measured  using  the  same  technique  as  described  in  the  cyclic 
load  section.  Measurements  were  made  with  the  10-pound/inch  spring  and  20- 
pound  maos  and  with  the  50-pound/lnch  spring  and  20-pound  maos  attached  to 
the  output  am.  Strokes  of  0.01,  1.00,  2.00  and  3.6O  Inches  were  used. 

After  completion  of  th*»  endurance  cycling  tests,  a  resolution  measurement  was 
made  only  at  the  2.00-lnch  stroke  position  with  the  10- poind/ inch  spring  and 
20-pound  mass  attached.  Results  of  these  tests  are  tabulated  in  Table  2. 

Collective  Load  -  Maximum  Rate  Tests 

Maximum  rate  tests  vexe  performed  as  described  in  the  cyclic  load  section 
for  each  of  the  four  loading  conditions.  After  the  completion  of  the  en¬ 
durance  cycling  test,  a  maximum  rate  test  was  rerun  with  10-pound/lnch 
spring  and  20-pound  mass  attached  to  the  output  am  of  the  mechanical 
servo-actuator.  The  input  am  of  the  actuator  was  manually  moved  for  this 
one  test.  Results  of  these  tests  are  tabulated  in  Table  3.  It  was  not'd 
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FIGURE  13  FRSilEHCY  RESPOIEE,  CYCLIC  LOAD,  155-POUND  SPRING,  lC-PERCE^”  STRf  I 
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FIGURE  15  FREQUENCY  RESPONSE,  CYCLIC  LOAD,  510-POUND 
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CYCLIC  LOAD,  510-P0W)  SRIK,  10-PEHdMT  STROKE,  SO  RELIEF  VALVE 


TABLE  2 


- -  BESOUTTXO*  TEST  RESULTS 

Output  Arm  Stroke  Direction  Minim*  Input 

Direction  Inch  of  Input  Motion  Beq'd.  in.  Output  Aim  Motion.  in. 


Cyclic  -  ^ 7- Pound /inch  Spring 

Neutral 

0 

CW 

.0005 

Saooth 

CCW 

.0003 

Saooth 

cw 

.25 

cw 

.0005 

.001  step# 

ccw 

.0015 

Smooth 

cw 

•  50 

cw 

.001 

.002  atepa 

CCW 

.002 

.003  atepa 

cw 

1.00 

cw 

.0005 

Smooth 

ccw 

.001* 

.008  atepa 

ccv 

.25 

cw 

.0007 

Smooth 

ccw 

.0003 

Smooth 

ccw 

.50 

cw 

.0007 

.001  atepa 

ccw 

.001 

Smooth 

ccw 

1.00 

cw 

.001 

.003  atepa 

ccw 

.0007 

Smooth 

15 5 -Pound/inch  Spring 

Neutral 

0 

cw 

.0005 

Smooth 

ccw 

.0005 

Smooth 

CW 

•  25 

cw 

.001 

Smooth 

ccw 

.004 

.007  atepa 

CW 

.50 

cw 

.001 

.005  atepa 

ccw 

.004 

.010  atepa 

CW 

1.00 

cw 

.002 

.004  atepa 

ccw 

Chattering* 

cannot  aeaaure 

ccw 

.25 

cw 

.0015 

.002  atepa 

ccw 

.001 

Smooth 

ccw 

.50 

cw 

.002 

.004  atepa 

ccw 

.0035 

.006  atepa 

ccw 

1.00 

cw 

.004 

.006  atepa 

Chattering* 

cannot  aaaaure 

510-Pound/lneh  Spring 

Neutral 

0 

cw 

.001 

Saooth 

ccv 

.001 

Saooth 

cw 

.25 

cw 

.002 

.002  atepa 

ccw 

.014 

.015  atepa 

(V 

•  50 

cw 

.009 

Chattering*  cannot 

aeaaure 

ccw 

.020 

.030  atepa 

CW 

1.00 

cw 

Chattering* 

cannot  aeaaure 

ccw 

.010 

.045  atepa 

CCV 

.25 

cw 

.0035 

.007  atepa 

ccw 

.003  Approx. 

.  Chattering 

CCW 

.  J 

cw 

.005 

.012  atepa 

ccw 

.003  Approx. 

.  Chattering 

r 
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TABLE  2  (Cont.) 


Output 

Direction 

An  Stroke 
Inch 

Direction 

Mini bub  Input 
Motion  fr-o'd,  In. 

CCV 

1.00 

CW 

Overshooting  notion,  cannot  measure1 

CCW 

Chattering, 

cannot  measure 

Collect ire 

Load  -  10- Pound/inch  Spring  and  20-Pound  Maas 

CW 

.01 

CW 

.0005 

Smooth 

ccw 

.001 

Smooth 

CW 

1.00 

cw 

.001 

Tends  to  keep  moving 

CCW 

.0015 

.008  steps 

CW 

2.00 

cw 

.001 

Tends  to  keep  novlng 

ccw 

.0015 

.010  steps 

CW 

3.90 

cw 

.008 

Tends  to  keep  moving 

ccw 

.004 

.020  stepa 

50- Pound/inch  Spring  and  20-Pound  Mass 

CW 

.01 

cw 

.0005 

Smooth 

ccw 

.0025 

smooth 

CW 

1.00 

cw 

.0008 

Smooth 

ccw 

.0015 

.020  steps 

CW 

2.00 

cw 

.001 

Chattering  cannot 

neasure 

ccw 

Overshoot  notion,  cannot  aeaaure 

CW 

3-90 

cw 

Chattering, 

csnnot  measure 

ccw 

Overshooting  notion,  cannot  measure 

After  Endurance  Cycling  Teat  -  Cyclic  - 

510-Foun'/Inch  Spring 

cw 

.01 

cw 

.002 

Smooth 

ccw 

.001 

Smooth 

CW 

.25 

cw 

.002 

.003  steps 

ccw 

.005 

.007  steps 

cw 

.50 

cw 

.003 

.006  st»ps 

ccw 

.018 

.040  steps 

cw 

1.00 

cw 

.005 

.005  a  epa 

ccw 

Overshooting  notion,  cannot  measure 

ccw 

.25 

cw 

.006 

.010  steps 

ccw 

.001 

.004  steps 

ccw 

.50 

cw 

.005-. 020 

.015- .050  steps 

ccw 

.005 

Chattering  cannot 

measure 

ccw 

1.00 

cw 

Overshooting  notion,  cannot  neasure 

ccw 

Chattering, 

csnnot  measure 

Collect ire 

Load  •  10- Pound/inch  Spring  and  20-Pound  Mass 

cw 

2.00 

CW 

.001 

Smooth 

CCW 

.002 

.004  steps 

•Was  unable  to  move  Input  am  to  edge  of  dead-band  area  without  the  output 
an  Boring  sufficiently  to  cause  the  input  arm  to  be  in  the  dead-hand  area 

again. 


TABLE  3 


MAXIMUM  BATE 


Total  # 

Servo*  Load  Output  Stroke,  Load  Rate, 

Actuator  Type  Load  Condition _ Motion  In. _ In/3ec 


Mech. 

Cyclic 

47-lb/ln.  Spring 

CV 

1.90 

2.00 

(R.V. 

CCW 

2.54 

installed) 

Mech. 

Cyclic 

510-lb/ln.  Spring 

CV 

1.76 

2.50-4.16 

(After 

CCW 

1.59-2.78 

Endurance 

Teat) 

(Manual 

Input) 

Ryd. 

Cyclic 

47-lb/ln.  Spring 

Retruct 

1.75 

3.16 

Extend 

3.13 

(Manual 

155-lb/ln.  Spring 

Retract 

1.70 

3.29 

Input) 

Extend 

3.33 

510-lb/ln.  Spring 

Retract 

1.70 

2.7’ 

Extend 

2.'i. 

Mech. 

Collective 

(10-lb/ln.  Spring) 

CV 

3.96 

4.52 

(20- lb  Mass) 

CCW 

6.62 

(R.V. 

(10-lb/ln.  Spring) 

CV 

4.62 

lnatalled) 

(40- It  Mass) 

CCW 

6.62 

(50- lb/ In.  Spring) 

CV 

4.22 

(20- lb  Mass) 

CCW 

6.84 

(50- lb/ in.  Spring) 

CV 

4.22 

(40- lb  Mess) 

CCW 

7.34 

Mech. 

Collective 

(10-lb/ln.  Spring) 

cw 

6.20 

(After 

(20- lb  Maas) 

CCW 

11.7 

Endurance 

Teat) 

Ryd. 

Collective 

(10-lb/ln.  Spring) 

Retract 

3.95 

3.35 

(20- lb  Moss) 

Extend 

3.53 

(R.V. 

(10-lb/ln.  Spring) 

Retract 

3.29 

Installed ) 

(40- lb  Mass) 

Extend 

3.M 

(50- lb/ In.  Spring) 

Retract 

3.19 

(20- lb  Mass) 

Extend 

4.29 

(50- lb/ In.  Spring) 

Retract 

3.14 

(20- lb  Mass) 

Extend 

4.29 

•The  aotlon  of  the  output  load  ara  bexx  crank  was  recorded  on  a  Sanborn  re¬ 
corder  and  the  aaxlaua  rates  were  deteralned  by  aeasurlnc  the  slopes  of 
the  recorded  traces. 


R.V.  -  Relief  Valve 
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TABLE  U 


TABLE  k  fCont.) 


Load  Conditions 

Stet> 

Stroke,  Inches 

Output  Tine  Constant 
Motion  Mech. 

,  Sec 

Cyclic  Condition 

251 i 

1.0 

CV/Aet.  (-).030 

CCW/ Ext.  .030 

.030 

.028 

5on 

2.0 

CW/Aet .  .015 

CCV/Ext.  .015 

.01*0 

.015 

50-Pound/lneh  Spring 
20-Pound  Kasi 

ion 

.k 

CW/Aet.  (-).OIO 
OCW/Ext .  .025 

.012 

.010 

25H 

1.0 

CW/Aet.  (-).005 
OCW/Ext.  .025 

.022 

.017 

5on 

2.0 

CW/Aet.  .015 

OCW/Ext.  .020 

.032 

.018 

50-Pound/lnch  Spring 

ion 

.It 

CW/Aet.  .005 

OCW/Ext.  .030 

.026 

.015 

25  n 

1.0 

CW/Aet.  (-).OIO 
OCW/Ext .  .010 

.020 

.015 

5on 

2.0 

CW/Aet.  .030 

CCW/ Ext.  .015 

.01*0 

.018 

VOTES:  CW  -  Clockwise 

CCW  -  CswtsrclMinflM 
Bet.  -  Attraction 
Ext.  -  Extension 

(-)  -  Denotes  that  output  rate  of  Mechanical  senro-actuator 

was  faster  than  the  rate  of  the  Input  hydraulic  cylinder. 
*.▼.  -  Relief  Valre 
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TABLE  5 


Output 

Cycling  No.  of  Strok#  Freq. 

ffiroa  go«.  Srsl, ft _ Insh 2§ _ fiau& 


i-a 


1-b 


l'C 

2-1 


2"b 


2-c 


200 

1000 

4000 

200 


1000 

4000 


2.0 


1.0 


.05 

2.0 


1.0 


.05 


.1  Actuator  housing  surface  reached  *175 #F  at 
end  of  cycling  period.  Noted  chattering 
noise  on  the  counter-clockwise  rotation  of 
the  actuator.  Intemlttent  noiae  on  clock* 
vise  end  of  load  -  possibly  bearing  noise. 

•5  Replaced  Input  power  flexible  a ha  ft  during 
this  run.  Housing  stayed  below  +  120*F 
during  run. 

5>0  Functioned  normally. 

.1  Output  CCW  stroke  started  to  become 

shorter  after  approximately  14.0  cycles. 
Housing  temperature  vaa  +157*7.  Removed 
from  teat  fixture  and  disassembled.  Found 
bonded  Joint  of  Delrln  gear  (P/H  173428) 
and  hub  (P/R  173427)  has  failed  allowing 
Delrln  gear  to  come  out  of  mesh.  Repaired 
Joint  by  adding  a  locking  pin  between  the 
hub  and  pinion  plus  l/4  in.  washer  to 
prevent  pin  from  coming  out.  Next,  riveted 
Delrln  gear  to  hub  with  4  alualnum  rivets. 
Reassembled  unit  and  remounted  In  test 
fixture.  Still  unable  to  cycle  actuator 
properly.  Zt  was  disassembled  again,  but 
could  not  find  any  reason  for  malfunction¬ 
ing.  Decided  to  reassemble  and  continue 
cycling  with  the  lover  sssplltudes  only. 

.5  Unit  chatters  but  able  to  obtain  full 
amplitude.  Housing  surface  temperature 
reached  a  maxim*"  of  +127*F. 

5.0  Functioned  nomally. 


3-b 


3- c 

4- b 


4-c 


1000 

4000 


1.0  .5  Functioned  the  sane  as  before  -  full 

stroke  but  chatters.  Housing  surface 
temperature  reached  +l43*F. 

.05  5*0  Functioned  normally. 


1000 

4000 


1.0  5  Do  change,  although  oil  is  starting  to 

leak  out  of  the  front  seal  -  seeps  only. 

.05  5*0  Functioned  normally. 
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TABLE  5  (Cont.) 


Output 


Cycling 

No.  of 

Stroke 

Freq. 

Cycles 

Inch 

5-b 

1000 

1.0 

•  5 

5-c 

U000 

.05 

5.0 

_ _ 

No  change.  Housing  temperature  Increased 
from  ♦140#F  to  ♦125*F  during  this  period 
of  cycling. 

Functioned  normally.  At  completion  of  this 
step  all  of  the  required  cycling  except 
for  the  full  2. 00-  Inch  cycling  was  com¬ 
plete.  Started  to  measure  force  threshold 
and  It  was  noted  to  be  high.  The  actuator 
vas  again  disassembled  and  It  was  found 
that  the  #70  dowel  pin  on  Print  173^10  had 
worked  out.  This  pin  la  between  gear  (P/N 
1731*21)  and  bushing  (P/N  1731*22).  The  pin 
showed  evidence  of  rubbing  against  the 
metal  flange  of  Delrln  gear  (173**  19)* 

Reset  the  pin  and  reassembled  actuator. 

It  was  decided  to  continue  with  the  full 
stroke  cycle. 


2- a 

60 

2.0 

.1 

Completed  remainder  of  Group  2-a  cycles. 

3-a 

200 

2.0 

.1 

Housing  temperature  Increased  from  ♦llfl'F 
to  ♦18U*F  during  the  run.  CCW  stroke  has 

started  shortening  again. 

U-a 

200 

2.0 

.1 

Allowed  unit  to  cool  to  ♦99*F  before 

starting  this  phase.  Still  has  restricted 
motion  In  CCW  direction.  Disassembled 
the  actuator  again  and  fround  #70  dowel 
pin  had  backed  out  again.  Put  a  second 
retaining  pin  In  gear  shaft  and  #7C  dowel 
pin.  Reassembled  the  actuator  and  ejm- 
pleted  this  phase  of  cycling.  Housing  tem¬ 
perature  had  reached  +155*F  at  end  of  this 
phase. 


5-a  200  2.0  .1  Housing  surface  temperature  has  Increased 

from  ♦ll6*F  to  ♦170*F  during  the  phase. 
Actuator  still  has  a  restricted  motion  in 
the  CCW  direction.  Sounds  like  soswthlng 
Inside  of  actuator  Is  hitting  mechanical 
stop.  Input  force  Jumps  to  approximately 
200  lbs.  when  the  CCW  motion  Is  restricted. 
Figure  33  shows  a  Sanborn  trace  of  the 
actuator  cycling.  At  ccvpletlon  of  cycling, 
the  unit  was  again  disassembled;  however, 
could  not  find  crldeqce  of  binding  between 
the  Input  arm  and  the  sprlig  bungee.  Noted 
some  wear  marks  on  the  brass  bushing  oppo* 
site  the  loading  gear. 


that  la  each  set  of  toots  the  maximum  rstos  were  greater  when  the  collec- 
tivo  spring  load  was  aiding  (countorclockviso  direction). 

Collective  Load  -  Frequency  Response  Test 

The  mechanical  servo-actuator  was  cycled  sinusoidally  at  the  output  ampli¬ 
tudes  of  aO.to,  10.80  and  tl.8  inches.  The  frequency  was  varied  from  0.1 
cps  to  a  maximal  of  4  cps  (relief  valves  limiting  higher  frequencies)  fcr 
each  of  the  four  loading  conditions.  After  completion  of  endurance  cycling, 
the  frequency  response  test  was  repeated  using  the  10-pound/inch  spring  and 
the  20-pound  mass  attached  to  the  output  an  of  the  mechanical  servo- 
actuator.  The  hydraulic  relief  valves  were  removed  prior  to  this  last  test. 
Results  of  these  tests  are  shewn  in  Figures  20  through  32. 

Collective  Load  -  Step  Response  Test 

The  mechanical  servo-actuator  was  operated  at  maximum  rate  with  output 
steps  of  0.40,  1.00,  and  2.00  Inches  for  all  four  collective  loading  con¬ 
ditions.  After  the  endurance  cycling  test,  the  10-pound/inch  spring  and 
20-pound  smss  were  attached  to  the  output  arm  and  the  actuator  was  subjected 
to  a  step  resonse  test  of  0. 1*0- inch  and  1.00- inch  steps  without  the  hydrau¬ 
lic  relief  valves  installed.  The  time  constant  for  each  step  was  deter- 
sdned  as  described  in  the  cyclic  load  section,  and  the  results  are  tabulated 
in  Table  4. 

Endurance  Cycling  -  Mechanical  Servo-Actuator 

After  the  above  tests  had  bean  completed,  the  510-pound/ inch  cyclic  load 
spring  was  attached  to  the  output  arm  of  the  mechanical  servo-actuator  and 
subjected  to  the  following  series  of  cycling  tests: 

1)  1,000  cycles  at  100-percent  amplitude  and  a  frequency  of  0.1  cps. 

2)  5,000  cycles  at  50-perc^nt  amplitude  and  a  frequency  of  0.5  cps. 

3)  20,000  cycles  at  5*percent  amplitude  and  a  frequency  of  5  cps. 

Bach  of  the  above  groups  of  cycles  was  divided  into  five  incremental  por¬ 
tions.  The  actuator  was  cycled  within  each  of  the  increments  except  as 
noted  in  Table  5.  A  sample  of  the  Sanborn  traces  recorded  during  the  en¬ 
durance  test  is  shown  in  Figure  33* 

toergency  Operation  Test 

A  loss  of  input  mechanical  power  to  the  mechanical  servo-actuator  was 
simulated,  thereby  requiring  a  manual  input  force  to  operate  the  actuator 
with  a  510-pound/inch  cyclic  load  spring  attached  to  the  output  arm  of  the 
actuator.  The  actuator  was  operated  through  a  full  stroke  of  2.20  Inches 
as  the  input  hydraulic  cylinder  traveled  through  a  full  stroke  of 
I.78  Inches.  Figure  34  represents  a  Sanborn  trace  of  the  output  load  and 
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output  Motion  of  the  mechanical  servo-actuator,  as  veil  as  the  input  force 
and  input  notion  of  the  input  hydraulic  cylinder.  In  addition,  the  test 
was  repeated  with  collective  leads  of  10 -pound/ inch  spring  and  20-pound 
■ass  and  the  50-pound/ inch  spring  end  20-pound  mass  separately  attached  to 
the  actuator  while  cycling  through  a  full  stroke  of  4.00  inch.  Figures  35 
and  36  represent  Sanborn  traces  of  tne  actuator  cycling. 

HYDRAULIC  SERVO- ACTUATOR 

The  hydraulic  servo-actuator,  Lockheed- California  Company  Part  No.  540104-1, 
Serial  Vo.  1102,  was  mounted  in  a  loading  test  fixture  as  shown  in 
Figures  37  through  40. 

The  two  types  of  loads,  cyclic  and  collective,  were  separately  attached  to 
the  output  yoke  of  the  actuator  housing.  The  various  attached  spring  loads 
and  sMtsses  were  identical  to  those  described  in  the  mechanical  servo- 
actuator  section. 


Following  the  initial  failure  of  the  bungee  spring  T-bracket  of  the  mechanical 
servo-actuator,  a  complete  series  of  cyclic  load  tests  were  performed  on 
the  hydraulic  servo-actuator  without  relief  valves  installed  in  the  plumb¬ 
ing  lines  to  the  input  cydinder.  The  results  of  the  cyclic  load  tests 
are  contained  in  tlie  following  identified  paragraphs. 

Cyclic  Load  -  Force  Threshold 

The  510-pound/lnch  load  spring  was  attached  to  the  output  yoke  of  the 
actuator, and  the  input  to  the  control  valve  spool  was  disconnected.  With 
a  1000-psi  supply  pressure  applied  to  the  hydraulic  servo-actuator,  the 
miniwum  input  force  required  to  obtain  output  motion  of  the  actuator  was 
BMaaured.  The  test  result*  were  as  follows: 


Force  Applied 
to  Spool,  lb 

0.22 

0.24 

0.24 

0.26 

0.26 

0.24 


Direction  of 
Actuator  Motion 

Retraction 

Retraction 

Retraction 

Ixtension 

Extension 

Extension 


type  of 
Loading 

Tension 

Tension 

Tension 

Compression 

Compression 

Compression 


There  was  no  noticeable  change  in  the  force  required  to  move  the  actuator 
to  any  point  along  a  il. 00- inch  stroke. 

C^cli^Jgad^^esolution^est 

The  resolution  of  the  hydraulic  servo-actuator  was  determined  by  directly 
measuring  the  motion  of  the  valve  spool  versus  the  initial  output  motion 
of  the  actuator  body.  Frior  to  this  test,  it  was  noted  that  the  actuator 
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FlOUtt  35  Mmonci  OPERATIOE  -  MCEAIXCAL  SERVO  -  COLLECTIVE  LOAD  - 
10-H0UKD  SPRUD,  20-POU©  MAM 
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FIGURE  36  DCROEECY  OFERATIOlf  -  mcbuzcal  servo  -  COLLECTIVE  load  - 
5O-F0U1©  8  PR  IRQ,  20-P0UED  NASS 
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had  a  dead-band  stroke  of  0.005  inch  in  the  neutral  (no  load)  condition 
only.  When  the  actuator  was  applying  an  output  load,  there  was  no  notice¬ 
able  dead-band  when  using  a  0.001- inch  division  dial  gauge  to  detect 
motion. 

An  input  command  of  approximately  0.0002  to  0.0003  inch  was  required  to  the 
valve  spool  to  cause  a  noticeable  output  motion  of  the  actuator  body. 

Also,  it  was  noted  that  the  resolution  did  not  change  when  any  of  the  thres 
cyclic  load  springs  was  attached. 

Cyclic  Load  -  Maximum  Rate  Test 

The  hydraulic  servo-actuator  was  manually  operated  by  moving  the  valve  spool 
to  its  full  open  position  in  each  direction  with  each  of  the  three  cyclic 
load  spring  separately  attached.  TT  results  of  these  tests  are  tabulated 
in  Table  3. 

Cyclic  Load  -  Frequency  Response  Teat 

The  hydraulic  servo-actuator  was  cycled  sinusoidally  at  output  amplitudes 
of  to. 05,  ±0.10  and  ±0.50  inch,  at  frequencies  ranging  from  0.1  cps  to 
10  cps.  Frequency  response  measurements  were  recorded  usiig  each  of  the 
three  cyclic  load  springs.  After  the  completion  of  mechanical  servo- 
actuator  tests,  the  hydraulic  relief  valves  were  installed  in  the  hydrau¬ 
lic  lines  of  the  input  hydraulic  cylinder  and  a  frequency  response  test  was 
performed  with  the  510-pound/ inch  load  spring  attached  and  at  an  output 
amplitude  of  ±0.10  inch.  The  results  of  those  tests  are  presented  in 
Figures  9  through  19. 

Cyclic  Load  -  Step  Response  Test 

The  hydraulic  servo-actuator  was  operated  at  maximum  rate  with  output  steps 
of  0.10,  0.25  and  0.50  inch  for  each  of  the  three  cyclic  load  springs.  The 
time  constant  was  determined  for  each  "step"  condition  in  the  same  manner 
as  described  in  the  mechanical  servo-actuator  section.  The  results  of 
these  tests  are  tabulated  in  Table  4. 

Collective  Load  -  Maximum  Rate  Test 


Prior  to  performing  this  series  of  tests,  the  mechanical  servo-actuator  had 
been  completely  tested.  During  this  Interval  of  time,  the  Serial  Mo.  1102 
hydraulic  servo-actuator  had  to  be  returned  to  Lockheed  stores \  however,  it 
was  replaced  with  an  actuator  of  the  same  type,  Part  Mo.  540104-1,  Serial 
Mo.  103.  Also,  the  hydraulic  relief  valves  were  Installed  in  the  hydraulic 
lines  of  the  input  hydraulic  cylinder. 

The  hydraulic  servo-actuator  was  operated  by  applying  a  square -wave  elec¬ 
trical  signal  to  the  servo  loop  of  the  input  hydraulic  cylinder.  This  was 
performed  for  each  of  the  four  collective  load  conditions.  Results  of 
these  tests  are  tabulated  in  Ttble  3. 
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F10UUE  42  EMERGENCY  OPERATION  -  HYDRAULIC  SERVO  -  COLLECTIVE  LOAD 
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FIGURE  43  BCROENCY  OPERATION  -  HYDRAULIC  SERVO  -  COLLECTIVE  LOAD 
50-POUND  SIR  CIO,  20-POUlfD  MASS 
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Collective  Load  -  Frequency  Response  Test 


The  hydraulic  servo-actuator  vaa  cycled  sinusoidally  in  the  sane  manner  as 
described  in  the  mechanical  servo-actuator  section.  Results  of  these  tests 
are  shown  in  Figures  20  through  3 2. 

Collective  Load  -  Step  Response  Test 

The  hydraulic  servo-actuator  was  tested  in  the  same  manner  as  described  in 
the  mechanical  servo-actuator  section.  Results  of  thes<^  tests  are  tabu¬ 
lated  in  Table  4. 

Bnergency  Operation  Test 


A  loss  of  input  hydraulic  power  to  the  hydraulic  servo-actuator  was  simu¬ 
lated,  thereby  requiring  a  manual  input  force  to  operate  the  actuator  with 
a  510-pound/ inch  cyclic  load  spring  attached  to  the  output  yoke  of  the  hy¬ 
draulic  servo-actuator.  The  actuator  was  operate!  through  a  stroke  of 
1.00  inch  as  commanded  by  the  Input  hydraulic  cylinder  stroke  of  0.08  inch. 
Figure  41  represents  a  Sanborn  trace  of  the  output  load  and  output  motion 
of  the  hydraulic  servo-actuator  as  well  as  the  input  force  and  input  motion 
of  the  input  hydraulic  cylinder.  In  addition,  the  tests  were  repeated  with 
collective  loads  of  10-pound/inch  spring  and  20-pound  mass  and  the  50- 
pound/inch  spring  and  20-pound  mass  separately  attached  to  the  hydraulic 
servo-actuator  yoke.  The  actuator  was  cycled  through  a  stroke  of  3.95 
Inches  sismltaneously  with  the  input  hydraulic  cylinder  stroke  of  2.56 
Inches.  Figures  42  and  43  represent  Sanborn  traces  of  the  actuator  cycling. 

RETE8T  OF  MODirgD  ACTUATOR 

Following  the  completion  of  the  scheduled  testing  of  the  Curtiss-WTlght 
mechanical  servo-rctuator,  the  test  item  was  returned  to  the  Curtlss-VTlght 
Division  of  Curtiss-thright  at  Caldwell,  Hew  Jersey,  for  investigation  of 
possible  changes  to  improve  performance. 

It  was  decided  that  the  most  expeditious  change  would  be  to  reduce  the  gap 
between  the  inside  diameter  of  the  spring  clutch  and  the  outside  of  the 
rotating  drum.  This  change  would  reduce  the  dead-band  and  also  the  force 
threshold;  however,  without  additional  changes,  the  braking  capability  of 
th*;  spring  clutches  would  be  nullified. 

The  test  actuator,  modified  as  noted  above,  was  returned  to  Lockheed,  and 
some  of  the  earlier  tests  were  rerun  to  evaluate  the  effect  of  the  modifi¬ 
cations.  The  results  are  summarised  as  follows  t 

1.  Dead-band.  The  input  motion  required  to  initiate  output  response 
from  null  position  against  the  510-pound/ 5  nch  spring  load  was  in 
the  order  of  ±0.005  inch  compared  to  the  previously  measured  dead¬ 
band  of  ±0.050  inch.  This  represents  a  significant  improvement. 
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2.  force  threshold.  A  slight  improvement  in  force  threshold  was 
noted  at  the  null  position  (8  to  10  inch-pounds  compared  to  the 
previously  recorded  11  to  13  inch-pounds),  but  the  force  required 
to  initiate  further  motion  from  a  load-holding  position  was  exces¬ 
sively  high  (30  to  40  inch-pounds).  This  was  probably  due  to  the 
fact  that  the  load  was  not  being  held  by  a  static  brake  but  by 
energy  from  a  slipping  clutch  spring.  It  can  be  concluded  that  the 
lack  of  a  positive  load  brake  on  the  modified  unit  is  the  reason 
for  the  high  force  level  required  to  start  motion  against  a  high 
load.  Xt  should  be  noted  that  operation  at  a  constant  rate  through 
full  stroke  against  the  510-pound/ inch  spring  load  could  be  accom¬ 
plished  without  a  noticeable  increase  ir,  input  torque  and  that  the 
reduced  dead-band  resulted  in  a  smoother  response,  the  amplitude 
of  the  ’’stair-step"  output  fluctuations  being  significantly 
reduced. 

The  results  of  this  abbreviated  retest  indicate  that  redesign  to  provide  a 
reduced  dead-band  will  provide  greatly  improved  performance  and  that  design 
studies  are  required  to  minimize  the  input  force  levels 


EVALUATION 


The  following  paragraphs  represent  the  contractor's  evaluation  of  the  teat 
program  performed  under  this  contract. 

DITKRfRlTATION  OF  TEST  RE8ULT8 

The  testing  of  the  mechanical  servo-actuator  under  the  type  of  loading 
provided  by  the  test  fixture,  compared  with  the  performance  of  a  hydraulic 
servo  under  the  same  loading,  indicated  that  overall  performance  of  the 
mechanical  servo  was  inferior  to  that  of  the  hydraulic  unit.  In  fairness, 
it  should  be  pointed  out  that  the  hydraulic  unit  was  a  tried  and  proven 
production  part  with  a  basic  design  which  had  years  of  industry-wide  de¬ 
velopment  behind  it;  on  the  other  hand,  the  mechanical  servo  is  based  on 
relatively  new  design  principles,  the  test  item  was  a  prototype  unit 
designed  and  built  on  a  tight  schedule  and  budget,  and  most  of  the  moving 
parts  were  of  new  design.  It  is  obvious  that  design  improvements  can  be 
made  to  improve  performance  in  the  areas  discussed  below. 

Dead-Band  and  Force  Threshold 


These  two  items  are  listed  together,  since  the  force  threshold  (the  input 
force  required  to  initiate  output  motion)  Is  due  primarily  to  the  spring 
rate  of  the  servo  clutch  and  is  therefore  a  function  of  the  width  of  the 
dead-band.  The  dead-band  in  turn  is  determined  by  the  clearance  between 
the  spring  clutch  and  the  constantly  rotating  power-driven  drum. 

The  input  torque,  measured  during  the  force  threshold  tests,  ranged  from 
8  inch-pounds  to  25  inch-pounds  (see  Table  1),  with  an  average  of 
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approximately  11  inch-pounds  at  the  null  position.  In  comparison,  the 
hydraulic  servo  required  only  0.25-pound  input  force  at  the  ’ulve ,  which 
corresponds  to  an  equivalent  input  torque  of  less  than  0.5  inch-pound. 

• 

The  maximum  allowable  breakout  force  permitted  for  cyclic  control  by  MDL- 
H-8501A  is  1.5  pounds  at  the  stick.  A  design  requirement  for  the  actuator 
was  a  breakout  force  not  greater  than  53  percent  of  the  MIL-H-85OI  maximum. 
Converting  0.75  pound  at  10  inches  stick  travel  to  a  torque  at  75  degrees 
angular  travel  gives  an  allowable  force  threshold  of 

0.75  X  10^  -  5.7  inch-pounds. 

The  maximum  allowable  dead-band  at  the  stick  is  ±0 .2  inch.  Half  of  this 
value  is  equivalent  to  2  percent  of  total  travel  of  10  inches;  0.C2  X  75 
degrees  «  1.5  uegrees  total  allowable  dead-band  at  the  servo  input. 

The  excessive  width  of  the  dead-band  (a  total  of  2.5  degrees  of  input 
travel)  has  a  pronounced  effect  on  performance  under  a  sinusoidal  input. 
When  the  output  load  reverses  direction,  output  position  lags  the  input 
by  as  much  as  1.7  percent  of  the  total  amplitude. 

Modification  of  the  original  unit  to  improve  these  characteristics  resulted 
in  a  significant  reduction  of  the  dead-band,  but  the  force  threshold  was 
still  higher  than  the  allowable  5.7  inch-pounds.  0 

Resolution 


Tests  performed  to  determine  the  smallest  Increment  of  input  motion  which 
would  result  in  a  corresponding  output  travel  Indicated  that,  against  the 
510-pound/ inch  spring  load,  the  mechanical  servo  required  input  siotlon  of 
at  least  0.001  inch  as  compared  to  0.002  inch  for  the  hydraulic  servo  (see 
Table  2).  Furthermore,  the  resolution  was  not  consistent,  especially  when 
moving  with  the  load.  Redesign  of  the  output  brake  element  is  necessary 
to  correct  this  condition. 

Wolse  Level 


The  high  level  of  noise  generated  by  the  mechanical  servo  was  especially 
noticeable  under  high -amplitude  cycling  against  the  heavy  (510-pounds/ inch) 
cyclic  load  spring.  The  basic  cause  of  the  noise  is  the  release  and  re¬ 
engagement  of  the  clutch  spring  each  time  the  fixed-rste  output  motion 
catches  up  with  an  increment  of  input  motion.  The  consequent  fluctuation 
of  the  torque  demand  on  the  power  input  results  in  a  corresponding  fluctu¬ 
ation  in  the  torsional  strain  of  the  flexible  shaft  which  connects  the 
electric  motor  to  the  servo.  The  resultant  vibration  of  the  flexible  shaft 
and  its  housing  was  amplified  by  the  plywood  board  to  which  it  was  attached 
for  rigidity.  Furthermore,  the  mounting  of  the  test  fixture  to  the  labor¬ 
atory  floor  provided  negligible  damping. 
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It  it  apparent  that  the  noise  level  can  be  attenuated  by  carefuJ  attention 
to  the  design  of  the  flexible  drive  shaft  and  its  supporting  structure  and 
also  to  the  Mounting  of  the  servo  itself. 

Endurance 


The  failure  of  the  unit  to  complete  the  specified  endurance  tests  without 
failure  pointed  out  sone  of  the  weaknesses  in  the  prototype  design  and 
therefore  served  its  purpose.  The  failures  were  primarily  in  the  attach¬ 
ment  of  gears  to  their  shafts,  and  repairs  to  the  prototype  unit  were 
easily  aade  to  allow  completion  of  the  endurance  cycling. 

Design  changes  are  required  to  provide  positive  attachment  of  gears  to 
shafts  with  provisions  to  preclude  the  possibility  of  axial  slippage  of 
keys. 

Emergency  (Manual )  Operation 

The  first  attempt  to  test  the  emergency  (manual)  mode  of  operation  resulted 
in  the  structural  failure  of  a  small  lug  which  transmits  input  forces  to 
the  input  gearing  through  a  C- shaped  flat  spring.  The  failed  part  was  re¬ 
placed,  and  the  tests  under  normal  powered  operation  were  conpleted  before 
repeating  the  manual  operation  test.  The  mechanical  servo  performed  the 
emergency  operation  satisfactorily;  however,  the  torque  required  to  deflect 
the  input  bungee  through  half- travel  seemed  excessive.  This  torque  was 
measured  separately  by  a  bench  test  of  the  input  gear  assembly  and  was  re¬ 
corded  as  approxismitely  30  inch-pounds  at  half -travel  (37.5  degrees). 

Output  Kate 

The  results  of  the  tests  of  maximum  output  rate  indicated  that  the  mechan¬ 
ical  servo  was  capable  of  meeting  the  specified  5-inch/second  rate  require¬ 
ments  under  the  collective  loading  conditions  in  one  direction  only. 
However,  the  recorded  rates  were  higher  than  those  measured  with  the  hy¬ 
draulic  actuator  under  the  sasw  loading. 

With  the  cyclic  loading,  the  mechanical  servo  rates  were  lower  than  the 
corresponding  rates  with  the  hydraulic  actuator. 


APPLICABILITY  OF 
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HE9ULTS 


This  teat  program  was  Intended  to  evaluate  the  performance  of  a  mechanical 
servo-actuator  for  poaalble  uae  In  helicopter  flight  control  systems,  par¬ 
ticularly  a  system  aimllar  to  the  XH-51A.  The  loada  provided  by  the  teat 
fixture  simulated  the  magnitude  of  the  XH-51A  cyclic  and  collective  loada 
but  did  not  accurately  repreaent  the  actual  dynamic  condltlona. 


The  teat  results  indicate  that  the  mechanical  servo  la  best  suited  for 
functions  which  require  output  motion  through  a  large  amplitude  at  a  con¬ 
stant  rate.  The  frequency  response  data  show  that  the  mechanical  servo, 
in  its  present  state  of  developatent,  cannot  compete  with  a  hydraulic  servo 
in  responding  to  small -amplitude  commands  applied  sinusoidally  at  frequen¬ 
cies  above  0.3  cycle/second.  Furthermore,  the  resolution  tests  Indicate 
that  precise  positioning  of  the  output  la  difficult  when  motion  Is  in  the 
same  direction  as  the  load. 


Inasmuch  as  the  performance  of  the  mechanical  servo  can  be  substantially 
improved  by  design  changes  In  previously  noted  areas  and  since  schedul' 
and  budget  limitations  did  not  permit  a  more  accurate  simulation  of  actual 
flight  conditions,  the  results  of  this  program  should  not  be  construed  as 
a  deterrent  to  further  Investigation  of  mechanical  servo  applications.  It 
Is  suggested  that  follow-on  programs  be  considered,  using  a  whirl -stand  to 
evaluate  performance  of  a  multi-axis  system  against  a  simulated  dynamic 
rotor  system. 

There  are  significant  potential  savings  in  system  weight  by  the  use  of 
mechanical  servos  In  lieu  of  hydraulic  servos  in  a  vehicle  of  the  XH-51A 
site.  The  existing  hydraulic  system  weighs  approximately  50  pounds,  In¬ 
cluding  the  hydraulic  actuators  and  a  10-pound  emergency  hydraulic  system. 
Assuming  that  the  gear  box  and  flexible  shaft  required  for  power  transmis¬ 
sion  weigh  5  pounds  and  that  actuator  weight  can  be  limited  to  8  pounds 
per  unit,  a  ayatem  weight  saving  of  20  pounds  can  be  realised.  It  should 
be  noted  that  the  prototype  actuator  weighs  18  pounds,  but  the  designers 
have  calculated  that  8  pounds  Is  a  practical  estlmste  for  a  repackaged 
unit. 


The  reliability  of  the  mechanical  servo  and  the  power  transmission  ele¬ 
ments  must  be  demonstrated  before  its  use  In  flight  control  systems  can  be 
considered.  The  limited  endurance  cycling  performed  during  this  program 
Indicated  that  careful  attention  must  be  paid  to  the  design  of  all  small 
components.  Furthermore,  the  tests  Indicated  that  dynamic  load  conditions 
cause  peak  power  demands  which  can  overload  the  power  Input  elements.  It 
appears  likely  that  soaw  fora  of  torque -limiting  clutch  Is  required  at  the 
power  Input  to  preclude  damage  to  the  servo. 
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taring  the  test  program,  several  modifications  were  made  to  the  teat  setup 
and  to  th*  test  unit .  These  changes,  and  the  reasons  therefor,  were : 

1.  The  Inertia  flywheel  was  eliminated  from  the  power  input  to 
avoid  time- consisting  braking  procedures  required  to  stop  fly¬ 
wheel  rotation  when  It  was  necessary  to  shut  off  the  power 
Input. 

2.  The  electric  motor  power  drive  vas  relocated  after  failure  of  a 
right-angle  adapter  for  the  flexible  shaft  drive.  The  revised 
setup  utilised  a  straight  adapter. 

3>  The  mechanical  servo  vas  repaired  at  the  start  of  the  program  to 
replace  a  small  lug  which  failed  during  the  initial  manual  oper¬ 
ation  check. 


Relief  valves  were  added  to  the  hydraulic  actuator  which  pro¬ 
vided  the  Input  displacements  to  limit  Input  load  to  TO  pounds , 
and  the  actuator  vms  stroke- limited  to  avoid  striking  the  mech¬ 
anical  servo  Input  stops  during  full-amplitude  cycling.  Some 
tests  were  rerun  without  the  relief  valves  to  evaluate  their 
effect  on  the  results. 


Repairs  were  made  to  the  mechanical  servo  during  the  endurance 
test  to  permit  completion  of  the  specified  test  apectrus.  These 
repairs  are  noted  In  Table  5. 


Lko>jk*£i  -  (»□ 


The  results  of  the  tests  performed  under  this  contract  were  reviewed  by 
the  Curtiss  Division  of  the  Curtiss- Wright  Corporation,  rerdtlng  In  a 
submittal  to  Lockheed  of  Curtlss-Wrlght 's  Ideas  for  a  proposed  redesign  of 
the  mechanical  servo- actuator .  The  proposed  redesign  Incorporates  changes 
which  provide  a  smaller,  lighter,  more  serviceable  package  and  features 
which  will  correct  some  of  the  noted  performance  deficiencies. 


Site  and  Wsi 


Zigure  kh  shows  a  comparative  else  relationship  between  the  test  assembly 
173^10  and  the  proposed  new  deei^n  assembly.  The  use  of  a  base  casting,  a 
reorientation  of  the  spring  clutches  and  bypass,  and  gearing  design  modi¬ 
fications  allow  for  considerable  assembly  site  reduction.  The  '  eight  re¬ 
duction  Is  proportional  to  the  envelope  change  and  results  In  an  estimated 
weight  of  8  pounds  for  the  new  design  as  cos^ared  with  18  pounds  for  the 
test  unit. 
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■irritability 


The  nav  design  utilises  a  bate  casting  to  which  art  mounted  tha  functional 
components.  A  cover  appropriately  sealed  encloaaa  the  servo  assembly, 
■eaoral  of  tha  cover  exposes  tha  operating  components  for  Inspection  or 
service  without  major  dlsasseebly  off  tha  aircraft. 


The  1734*10  test  assembly  Incorporated  a  closed-loop  follow- up  servo  system 
conaletlnf  of  a  sprint  clutch  amplifier,  a  passive  brake,  a  annual  rever¬ 
sion  bypass  unit,  power  input  gearing,  signal  step-up  gearing,  and  output 
reduction  gearing. 

The  proposed  new  design  consists  of  a  closed-loop  follow-up  servo  systea 
with  spring  clutch  aapUfler,  an  Irreversible  screw-jack  brake,  a  aanual 
reversion  bypass  unit,  power  Input  gearing,  and  slaple  signal  and  output 
linkages  replacing  the  gear  trains  of  the  test  unit. 

A  feature  of  the  new  design  Is  that.  In  the  new  assembly,  the  Input  signal 
Is  transmitted  through  a  bungee  to  a  bar  differential  to  which  the  output 
la  attached.  A  alsaatch  of  Input  and  output  position  results  In  an  error 
signal  being  transmitted  through  a  transfer  bearing  to  a  helical  gear 
abaft.  The  helical  gears  on  this  shaft  re  meshed  with  the  clutch  Input 
and  gears  such  that  translation  of  the  *  jaft  results  in  relative  rotation 
of  the  clutch  Input  to  output  gears,  cat.  lng  the  spring  to  expand  to  engage 
the  power  supply  gearing.  The  clutch,  -hus  engaged,  drives  the  out  pit 
through  an  Irreversible  screw  jack  and  reduces  the  differential  error  to 
aero.  The  output  power  transmission  Is  through  the  bypass  similar  to  that 
In  the  1734*10  unit.  A  mechanical  connection  of  the  Input  lever  to  thi 
output  lever  through  the  bypass  Is  similar  to  that  In  the  1734*10  unit,  pro¬ 
viding  full  mechanical  control  in  any  failure  mode  of  the  boost  or  power 
supply  system. 


The  proposed  revised  design  not  only  offers  Improvements  In  sice,  weight, 
complexity,  and  serviceability,  but  performance  characteristic  Improve¬ 
ments  are  anticipated. 

In  the  1734*10  assembly,  the  springs  used  as  clutches  are  also  used  as  pas¬ 
sive  brakes.  The  major  part  of  signal  dead-band  and  breakout  force  in  due 
to  the  necessity  to  unwind  the  spring  from  the  braking  surface,  to  wrap  It 
through  a  space  gap  between  brake  and  power  drum,  and  to  engage  the  driv¬ 
ing  drua.  In  the  new  design  the  springs  are  used  only  as  clutches  and  are 
spaced  closer  to  the  drive  drums  such  that  angular  rotation  of  the  spring 
to  engage  the  clutch  la  reduced  to  a  minimum.  The  breakout  force  Is  re¬ 
duced  by  virtue  of  the  reduced  torsional  spring  load  during  the  engagement 
operation. 
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DESIOW  SPECI FI  CATIOII  FOR  A  MECHAMICAL  SERVO-ACTUATOR* 


The  design  spsclficstlon  prepared  ss  part  of  this  contract  is  reproduced 
herein  as  it  was  submitted  to  the  Curtiss  Division  of  Curtlss-Vrlfht 
Corporation,  who  designed  and  built  a  Mechanical  servo-actuator  in  accor¬ 
dance  with  the  specification  requirement s . 

Certain  deviations  from  the  specification  requirements  were  discussed  and 
mutually  agreed  to  by  Lockheed  and  Curtlss-Wrlght .  These  Included  (l) 
acceptance  of  the  overall  length  of  the  actuator  as  7*25  inches  in  lieu  of 
7  Inches  as  specified  by  Lockheed  drawing  FCS-1000;  (2)  elimination  of 
output  travel  stops;  (3)  agr  orient  that  breakout  force  and  dead-band 
should  be  held  to  50  percent  of  the  maximum  values  specified  by 
MIL-H-8501A. 


*  Lockheed -California  Company,  Report  Ro.  XU  18027,  21  July  196b. 
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This  specification  outlines  the  design  requirements  for  on  item  of 
equipment  designated  as  a  "mechanical  servo-actuator",  the  purpose  of 
which  is  to  convert  manual  input  displacements  into  proportional  output 
displacements  of  specified  power  level,  utilizing  power  from  an  available 
high-speed  rotary  mechanical  source. 

The  actuator  defined  by  this  document  is  Intended  to  perform  any  one  of 
three  independent  functions  relating  to  helicopter  flight  control.  These 
arr:  (1)  collective  pitch  (lift  control),  (2)  longitudinal  cyclic  pitch 
control,  and  (3)  lateral  cyclic  pitch  control. 


APPLICABLE  DOCUKBfPS 

The  following  Government  specifications  and  Lockheed- California  Company 
drawings  are  applicable  to  the  extent  of  their  principle  and  Intent  as 
applicable  and/or  as  specified  herein.  Wherever  there  Is  disagreement 
between  the  referenced  documents  and  this  specification,  the  requirements 
of  this  specification  shall  govern. 
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WL-P-9490B  Plight  Control  Systems;  Design,  Installation  and  Test 
of.  General  Requirements  for 

KXL-A-0O64A  Actuators  and  Actuating  Systems;  Aircraft,  Electro- 
Mechanical,  General  Requirements  for 


MIL- E-5 2?2C  Environmental  Testing;  Aeronautical  and  Associated 
Equipment,  General  Specification  for 

lockhip  drahirps 

PCS- 1000  Space  Sire  lope  and  Structural  Attechswnts  -  Mechanical 

Servo-Actuator 


stsLSBsaaassm 


The  actuator  shall  be  designed  to  fit  the  space  envelope  and  the  struc¬ 
tural  attachments  shown  on  Lockheed  drawing  PCS- 1000,  dated  17  July  1964. 


The  servo-actuator  shall  be  of  the  spring-clutch  type.  It  will  be  tri- 
stable  In  character,  have  Integral  mechanical  position  feedback  and 
respond  to  manual  Input  signal  demands. 
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The  actuator  shall  be  designed  to  operate  at  any  temperature  between  -65*7 
and  +250*F  at  any  altitude  from  sea  level  to  50,000  feet. 

segno*  OF  aTMDMP  parts 

Wherever  possible,  AX  or  KS  standard  parts  shall  be  used. 

Commercial  parts  haring  suitable  properties  may  be  used  In  applications 
where  no  suitable  AX  or  SO  standard  parts  are  availed  le. 

MATERIALS  AXP  PX0CE8SP 

mmn 

The  component  parts  of  the  actuator  shall  be  fabricated  from  material 
which  meets  the  quality  requirements  of  applicable  government 
specifications. 

Protective  Treatment 

Where  materials  are  uaed  In  the  construction  of  the  servo-actuator  that 
are  subject  to  deterioration  when  exposed  to  climatic  and  environmental 
conditions  likely  to  occur  during  service  usage,  they  shall  be  protected 
against  such  deterioration  In  a  manner  that  will  In  no  way  prevent  com¬ 
pliance  with  the  performance  requirements  of  this  specification. 


fmi  tea* 

The  servo-actuator  shall  be  designed  to  accept  a  rotary  mechanical  power 
Input  with  a  nominal  speed  of  6 300  rpm  and  a  rated  torque  of  10  Inch- 
pounds  at  that  speed.  The  power  Input  elements  should  be  designed  to  with* 
withstand  a  limit  stall  torque  of  lo  Inch-pounds. 

SllRlLlPM* 

The  servo-actuator  shall  be  designed  to  accept  signal  Inputs  applied  In 
either  direction  by  a  pushrod  attachment  to  a  rotary  crank.  The  ai^ular 
excure  Ion  of  the  Input  crank  shall  be  limited  by  stops  to  a  total  travel 
of  75  degrees,  110  degrees.  The  Input  crank  shall  be  designed  to  accept 
Input  displacements  of  1.68  Inches  total  for  the  cyclic  function  and  2.80 
Inches  total  for  the  collective  function. 

Output  Load  Characteristics 

The  servo-actuator  shall  be  designed  to  control  output  position  In 
response  to  Input  signals  against  two  basic  types  of  loading: 


1.  The  output  load  for  the  cyclic  function  consists  of  s  spring  force 
proportional  to  output  displacement  working  against  gyroscopic 
inertia  and  viscous  damping.  The  spring  force  is  tero  at  mid¬ 
stroke  and  has  a  gradient  of  665  pounds/ inch  in  either  direction 
over  a  displacement  of  11.02  inches.  The  load  transmitted  through 
the  spring  acts  against  a  damping  force  of  25  pounds/inch/second 
and  against  a  gyroscopic  ir.ertia  load  having  an  angular  momentum 
of  222  slug  feet^/second  *1  an  effective  moment  arm  of  2. 83  inches. 

2.  The  output  load  for  the  collective  function  consists  of  mass  in¬ 
ertia,  aerodynamic  load  proportional  to  displacement,  and  negli¬ 
gible  damping.  The  mass  inertia  is  20  pounds  at  a  moment  arm 
which  provides  an  output  travel  of  4.35  inches.  The  aerodynamic 
load  can  vary  from  a  zero  gradient  to  a  gradient  of  50  pounds/ 
inch. 

Output  Travel  Limits 

The  output  crank  trsvel  shall  be  limited  by  adjustable  stops  to  a  range 
compatible  with  the  input  travels  and  the  load  characteristics  specified 
above  under  Signal  Input  and  Output  Load  Characteristics,  respectively. 

>sergency  Operation 

The  servo-actuator  shall  be  designed  to  permit  actuation  of  the  output  by 
manual  force  applied  to  the  signal  input  crank  in  the  event  of  failure  of 
the  normal  power  source.  Dead- band  and  hysteresis  tinder  emergency  opera¬ 
tion  shall  be  held  to  a  practical  minimum. 

St  mctural  Requirements 


The  servo-actuator  shall  be  structurally  capable  of  withstanding  a  limit 
load  of  1600  pounds  applied  to  the  input  crank  at  the  cyclic  input  attach- 
ment  and  a  limit  load  of  1000  pounds  applied  to  the  collective  input  at¬ 
tachment,  in  any  crank  position,  in  a  direction  normal  to  the  crank  in 
mid-position.  The  actuator  shall  be  Irreversible  under  a  static  loading  of 
1000  pounds  in  either  direction  at  the  output  attachment  for  the  cyclic 
function  and  a  static  loading  of  600  pounds  at  the  output  attachment  for 
the  collective  function. 

Service  Life 


The  servo-actuator  shall  be  designed  for  an  operational  service  life  of 
1000  hours  without  overhaul.  Provisions  shall  be  made  for  necessary  re- 
lubrication  as  required. 

pirfoumaio  Riomranri 

1.  The  servo-actuator  shall  be  capable  of  providing  an  average  output 
rate  of  5  Inches  per  second  at  the  collective  function  attachsMnt 


point  for  the  full  range  of  travel  against  the  inertia  leading 
specified  in  the  preceding  paragraph  entitled  Output  Load 
Characteristics ,  paragraph  2. 

2.  The  servo-actuator  shall  be  capable  of  providing  an  average  output 
rate  of  2  inches  per  second  at  the  cyclic  function  attachment 
point  for  travel  from  mid-position  to  either  extreme  against  the 
spring  load,  inertia  and  damping  specified  in  the  preceding  para¬ 
graph  entitled  Output  Load  Characteristics,  paragraph  1. 

3.  Under  the  loading  conditions  specified  in  paragraphs  1  and  2 
above,  the  servo-actuator  shall  be  capable  of  providing  output 
position  control  in  increments  of  0.01-inch  maximum  for  the  cyclic 
function  and  0.02-inch  nuximum  for  the  collective  function. 

4.  The  anticipated  load-cycle  spectrun  for  the  cyclic  function  (based 
on  1000  hours)  is  as  follows: 


Amplitude  (%) 

No.  of  Cycles 

Frequency  (cps) 

100 

1,000 

0.10 

50 

5,000 

0.50 

10 

100,000 

5.00 

ZnXXCrtAXCZABILITY  Of  COMPOKEVTS 


Components  of  the  servo-actuator  which  may  require  replacement  during  the 
test  program  shall  be  designed  to  be  physically  and  functionally 
interchangeable . 


The  overall  site  of  the  servo-actuator  shall  not  exceed  the  space  limita¬ 
tions  of  Lockheed  drawing  FC8-1000.  Zt  is  desirable  to  have  the  input  and 
output  attachments  in  a  common  place,  but  separation  of  input  and  output 
planes  will  be  permissible  if  necessary  to  avoid  compromising  other  re¬ 
quirements  of  this  specification.  It  is  desirable  to  have  the  power  input 
located  as  shown  on  Lockheed  drawing  FC-1000,  but  alternate  locations  nay 
be  acceptable. 

WIGHT 


Maximum  weight  of  the  servo-actuator  shall  not  exceed  8  pounds. 

FINISH 

Protective  finish  in  general  accordance  with  specifications  MIL-8-5002-2 
and  MZL-F-/179A  shall  be  provided  for  all  components  of  the  servo-actuator. 
Hecessary  lubrication  of  moving  parts  shall  be  provided.  The  color  of  ex¬ 
ternal  finish  on  exposed  parts  is  optional. 


iDwnwcAnow  or  product 


Die  servo-actuator  shall  be  marked  for  identification  with  a  nameplate  in 
general  accordance  with  the  requirements  of  MIL-81D-130. 


The  workmanship  of  components  and  assembly  shall  be  in  accordance  with 
standard  practice  for  airborne  equipment  of  thii  type. 

nrmammnAL  RiquiRPcrrg 

The  servo-actuator  shall  be  capable  of  meeting  the  following  test  require¬ 
ments  defined  by  specification  MXL-I-5272t 


Acceleration: 

Procedure 

I 

Vibration: 

Procedure 

XII 

Shock: 

Procedure 

IV 

Sand  and  Dunt: 

! 

l 

I 

Humidity: 

Procedure 

I 

Salt  Spray: 

l 

o 

* 

I 

QUALITY  ASSURASCX  FROYI8IOR8 
ACCPTAHCI  JESTS  AT  SOHO 

Prior  to  delivery  of  the  servo-actuator  to  the  Lo  :kheed-Callfornia  Company, 
sufficient  tests  shall  be  performed  to  verify  that  the  general  require¬ 
ments  stipulated  In  the  paragraphs  entitled  Design  Requirements  and  Per¬ 
formance  Requirements, previously  discussed,  have  been  satisfied.  The 
Lockheed-Callfornla  Company  shall  be  advised  where  and  when  the  testing  will 
be  performed  and  Invited  to  witness  the  tests. 

ACCPTMC1  H8TB  AT  LOCKHBD 

Upon  receipt  of  the  servo-actuator,  Lockheed-Callfornla  Company  will  per¬ 
form  acceptance  tests  based  on  the  requirements  referenced  immediately 
above.  The  specific  acceptance  test  procedures  will  be  included  as  part  of 
the  test  procedure  scheduled  for  completion  seven  weeks  prior  to  the 
scheduled  delivery  date  of  the  servo-actuator  (see  following  Contractual 
Test  Program). 


•4 


REJECTION  AMD  RETEST 


If  the  servo-actuator  falls  to  meet  the  specified  requirements  during  ac¬ 
ceptance  tests,  an  investigation  of  the  extent  of  and  the  rea3ons  for  the 
discrepancy  will  be  made  jointly  by  the  manufacturer  and  the  Lockheed- 
California  Company.  Corrective  action  may  he  proposed  by  the  Lockheed- 
Californla  Company  with  due  consideration  for  the  effects  on  cost  and 
schedule. 

CONTRACTUAL  TEST  PROGRAM 

A  five-weak  test  program,  to  be  conducted  at  the  Lockheed  Rye  Canyon  Re¬ 
search  Center,  is  scheduled  co  start  within  one  weak  after  receipt  of  the 
servo-actuator.  The  test  procedure  is  scheduled  to  be  completed  (by  the 
Lockheed-California  Company)  seven  weeks  prior  to  the  delivery  date  of  the 
servo-actuator.  The  manufacturer  shall  provide  technical  assistance  to 
Lockheed  during  the  testing  phase 
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II  AMTNACT 


A  prototype  mechanical  servo-actuator  was  tested  under  simulated  loads  to 
determine  Its  suitability  for  use  In  powering  flight  control  systems  for 
helicopters.  Tests  Included  frequency  response,  step  r  iponse ,  threshold, 
hysteresis,  endurance,  and  emergency  operation,  and  were  compared  with  similar 
tests  of  a  typical  hydraulic  servo.  Recommendations  are  made  regarding  design 
changes  for  further  Investigation. 
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